We derive the two-channel (TC) description of the photoassociation (PA) process in the presence of a magnetic Feshbach resonance and compare to full coupled multi-channel calculations for the scattering of 6 Li-87 Rb. Previously derived results [P. Pellegrini et al., Phys. Rev. Lett. 101, 053201 (2008)] are corrected. The PA process is shown to be fully described by two parameters: the maximal transition rate and the point of vanishing transition rate. The TC approximation reproduces excellently the PA transition rates of the full multi-channel calculation and reveals, e.g., that the enhancement of the rate at a resonance is directly connected to the position of vanishing rate. For the description of two independent resonances it was found that only three parameters completely characterize the PA process.
I. INTRODUCTION
The phenomenon of a magnetic Feshbach resonance (MFR) is widely used for the manipulation of systems of ultracold atoms. One field of interest is the combination of the photoassociation (PA) of molecules with MFRs. It has been shown, both theoretically and experimentally, that the PA transfer rate can be significantly increased in the vicinity of an MFR [1, 2, 3, 4, 5] . This leads to the prospect of creating a large number of ultracold molecules out of a sample of ultracold atoms. These molecules are of great interest for applications in quantum information processing [6, 7] , the exploration of lattices of dipolar molecules [8] , or ultracold chemical reactions [9, 10] .
For all PA schemes that exploit the enhancement of PA at an MFR, the understanding of the interplay between both processes is important. Here, we seek to describe the process by a two-channel (TC) approximation [11] . In [5] this approximation has recently been used to predict the behavior of the PA transition rate as a function of the scattering length. We review this approach and find a simplified expression with only two instead of three free parameters. These two parameters which can be, e.g., the maximal transition rate and the position of the minimal transition rate can be obtained either from multi-channel (MC) calculations or from experimental observations. They can serve as a classification of transition processes and reveal a universal dependence of the enhancement of the transition rate on the position of vanishing transition rate.
The Hamiltonian of relative motion for two colliding ground-state alkali-metal atoms is given by [12] 
whereT µ is the kinetic energy and µ is the reduced mass.
The hyperfine operatorV hf j = a j hf 2 s j · i j and the Zeeman operatorV Z j = (γ e s j − γ n i j ) · B in the presence of a magnetic field B depend on the electronic spin s j , the nuclear spin i j , the hyperfine constant a j hf of atom j = 1, 2, and on the nuclear and electronic gyromagnetic factors γ n and γ e . The central interaction
is a combination of singlet and triplet Born-Oppenheimer potentials V 0 (R) and V 1 (R) whereP 0 andP 1 project respectively on the singlet and triplet components of the scattering wave function. For low collision energies the eigenfunctions of Hamiltonian (1) may be written as a superposition
of s-wave functions in the atomic basis |α = |f 1 , m f1 |f 2 , m f2 . Here, f j = s j + i j is the total spin of atom j and m f its projection onto the B-field axis.
In the following we consider an elastic collision, where only the entrance channel with spin configuration |α 0 is open and all other coupled channels are closed.
Within the TC approximation of the scattering process one projects the full MC Hilbert space onto two subspaces, the one of the closed channels (with projection operatorQ) and the one of the open entrance channel (with projection operatorP) [11] . The resulting TC Schrödinger equation reads
withĤ P =PĤP,Ĥ Q =QĤQ,Ŵ =PĤQ, |Ψ P =P|Ψ and |Ψ Q =Q|Ψ . An MFR occurs, if the energy E of the system is close to the eigenenergy E 0 of a bound state |Φ b of the closedchannel subspace. Following the solution in [13] we assume that the closed-channel wave function is simply a multiple A of the bound state |Φ b , i.e. |Ψ Q = A |Φ b . This is equivalent to the usual one-pole approximation. Equation (4) may be solved via the Greens operator G P = (E + iǫ −Ĥ P ) −1 with ǫ → 0 + . The general solution thus reads
where C is a normalization constant and |Φ reg is the regular solution ofĤ P |Ψ = E|Ψ . Following the procedure given in [13] one arrives at the closed-channel admixture
with the normalization constantC = C/ cos δ res . The Greens operatorĜ P explicitly given in [13] yields a long range behavior of the open channel
The total phase shift δ = δ bg + δ res results from the background phase shift δ bg of the regular solution |Φ reg , which is connected to the background scattering length a bg = − lim k→0 tan δ bg /k, and a contribution δ res due to the resonant coupling to the bound state. The resonant phase shift has the functional form
where
PŴ |Φ b lies close to the energy of the bound state E 0 (B). The width of the resonance is given by Γ = 2π| Φ b |Ŵ|Φ reg | 2 . One assumes that E R depends approximately linearly on the magnetic field, i.e. for E → 0 there is some σ and B R such that E R = σ(B − B R ). This yields with ∆B ≡ Γ(2ka bg σ) −1 the well known relation [14] a sc = a bg 1 + ∆B B − B R (11) which allows to determine the resonant phase shift
from experimentally accessible quantities. Equipped with the MC solution a convenient way to calculate transition rates to molecular bound states is to transform the scattering wave function of Eq. (3) to the molecular basis |χ = |S, M S |m i1 , m i2 where S and M S are the quantum numbers of the total electronic spin and its projection along the magnetic field and m i1 , m i2 are the nuclear spin projections of the individual atoms.
Within the dipole approximation with electronic dipole transition moment D(R) the free-bound transition rate Γ(B) to the final molecular state
|χ f with vibrational quantum number ν and rotational quantum number J is then proportional to the squared dipole transition moment [15] 
Selection rules allow only transitions from the s-wave scattering function to a final state with J = 1. Due to the orthogonality of the molecular basis, only one molecular channel ψ χ f (R) with the same spin state as the final state has to be considered. The solutions (6,7) of the TC approximation yield together with the behavior of the closed channel admixture in (8) a squared dipole transition moment
where ) and tan δ 0 = C 1 /C 2 one can further simplify Eq. (14) to
Due to the low-energy behavior of the regular solution Γ ∝ k and C 1 ∝ √ k holds for k → 0 [12] . Therefore one can associate a finite length
with the phase shift δ 0 . Let us point out some differences to the previously derived result for the dipole transition moment in [5] . In the notation of the current work Eq. (8) in [5] gives
The most obvious difference to Eq. (14) is the dependence on three parameters K, C 1 and C 2 and not just two. This is a result of an inconsistent normalization of open and closed channels in [5] . The open channel was not energy normalized and leads thus to a term proportional to tan δ res . Furthermore, the open channel was described as a pure sum of regular and irregular solution. This may, however, only be done for interatomic distances, were the coupling to the closed channels induced by the exchange energy is negligible. A fit of Eq. (17) to a full MC calculation seemed to be nevertheless possible which might however be the result of the freedom of three fitting parameters.
The universal dependence of the PA transition rates on just two parameters in Eq. (15) reveals an important physical aspect. The enhancement of the transition rate is directly connected to the position of vanishing transition rate. On the one hand the transition rate is vanishing at a scattering length a (min) sc = a bg + a e or at a corresponding magnetic field
On the other hand the point of vanishing transition rate is connected to the enhancement ratio
of the maximum transition rate Γ max and the background rate Γ bg in the presence of an off-resonant magnetic field (i.e. where δ res = 0). In order to verify the TC description of the PA process, we consider the exemplary case of an elastic collision of 6 Li-87 Rb ( 6 Li is atom 1, 87 Rb is atom 2) in the initial atomic basis state |α 0 = |1/2, 1/2 |1, 1 . For an energy 50 Hz above the threshold of the entrance channel which is well in the s-wave scattering regime the MC solution was calculated for different magnetic fields B in [16] . For B < 1500 G two s-wave resonances occur, a broad one at B = 1066, 917 G which was also observed experimentally [17] , and a narrow one at B = 1282.576 G. The dependence of the scattering length a sc on the magnetic field strength is shown in Fig. 1 . Assuming that the two resonances are sufficiently separated in order to describe the process by two independent resonances one may generalize Eq. (11) to
Additionally, we account for effects beyond the one-pole approximation by allowing a bg to vary slowly with B as a bg (B) = a 0 + a 1 · B + a 2 · B 2 . With this quadratic expansion, a fit according to Eq. (20) excellently reflects the MC behavior as shown in Fig. 1 .
We consider the exemplary case of a dipole transitions of the scattering state to the absolute vibrational ground state of the electronic singlet configuration X 1 Σ + and the triplet configuration a 3 Σ + . These transitions take place at internuclear distances where the coupling between all atomic channels is strong such that any deficiency of the TC description would become obvious. The MC rate was calculated in [16] for an electronic dipole moment Additionally a fit to the behavior
for j = 1, 2 is performed which neglects respectively one resonance. Again one can connect the phase shifts δ
to the corresponding lengths a The good description of the MC transition rates by Eq. (22) suggests that Eq. (19) indeed reflects the dependence of the PA enhancement on the position of vanishing transition rate. In Eq. (19) the enhancement was defined relative to the transition rate at the background scattering length. This point is reached, however, only at infinite detuning from the resonant magnetic field B R . In order to nevertheless verify the validity of Eq. (19) we relate the maximal transition rate I max MC at each resonance separately to the transition rate I off MC = I MC (800 G) far away from both resonances. We do not choose a magnetic field with larger detuning to avoid effects of other resonant molecular bound states. In Tab. I the ratio I max MC /I off MC is compared for both resonances to the prediction of Eq. (19) for transitions to the vibrational ground states of all eight possible spin configurations in the molecular basis. One finds that the order of magnitude generally agrees excellently. Only for few transitions such as the one to the molecular states |1, 1 |1, −1/2 at the first (broad) resonance the orders of magnitude differ significantly. A view on Fig. 2 (c) reveals that this is not related to a break down of Eq. (19), but that the absence of a vanishing transition rate leads to a comparably slow degradation of the transition rate such that I off MC is not a good representation for the background transition rate. On the other hand, for transitions for which the background transition rate is quickly approached when detuning from the resonance, the two estimates of the enhancement agree even to the first significant digit (see the third row in Tab. I and the corresponding Fig. 2 (b) ). This and the results above demonstrate that the TC approximation provides an excellent basis to understand PA processes in the presence of an external magnetic field inducing an MFR.
